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Vortex Shear Modulus and Lattice Melting in Twin Boundary Channels of YBa,Cu3zO7—_5

W. K. Kwok, J. A. Fendrich, V. M. Vinokur, A. E. Koshelev, and G. W. Crabtree

Materials Science Division and Science and Technology Center for Superconductivity, Argonne National Laboratory,
Argonne, lllinois 60439
(Received 27 October 1995

Melting of the vortex lattice is probed directly by investigating the flow of vortices in channels
created by twin boundaries. The angular-dependent resistivity(6) has a maximum above the
melting temperaturd’,, and crosses over to a minimum below, corresponding to the onset of a shear
modulus which reduces vortex flow in the channels. A peak effect in the critical current Bglasy
accompanied by a sharp increase in the twin boundary pinning accommodation angle. We calculate the
effective twin boundary pinning energy by relating the accommodation angle to a thermal depinning
angle. [S0031-9007(96)00329-8]

PACS numbers: 74.60.Ge

Transport measurements in YEB&;0,_s have yielded channels depends strongly on the spatial extent of the
strong evidence of a first order vortex melting transi-local structure and on the pinning strength of the twin
tion [1-9] in clean homogeneous YBau;O,—s crys-  boundary channel walls, transport measurements in this
tals. Recently, magnetization measurements in untwinnegeometry are a sensitive probe of the development of
YBa,Cu;0,_5 crystals have revealed corroborative evi-the shear modulus. The effective width of the channel
dence for this first order melting—a sharp discontinuity atand the strength of the pinning at the walls may be
T.» [10,11] similar to that observed in earlier equilibrium varied by tilting the applied magnetic field relative to
measurements on Br,CaCuOg single crystals [12,13]. the twin boundary planes. The angular dependence of

A defining characteristic of the melting-freezing transi- the resistivity clearly shows the onset of a nonzero shear
tion is the development of a nonzero shear modulus, whicmodulus at a temperaturg,, which we identify as the
leads to a substantial increase in the pinning produced biyeezing-melting temperature. In addition, we observe
a given configuration of pinning sites, inducing a sharpchanges in the vortex dynamics which are correlated with
drop in resistivity upon freezing [14]. This sharp drop the peak effect in the critical current just beldly, and
in resistivity is one of the hallmarks of the vortex freez- are indicative of a transition from plastic to elastic flow.
ing transition. If the Lorentz force driving the vortices is  The crystal was grown by a self-flux method [18] which
strong enough to depin the vortex solid, the finite sheayielded several platelet-shaped crystals. A crystal with
modulus affects the vortex motion in another way: it im-only a single set ofl 10) twin boundaries (TB) was cleaved
poses local structure on the moving vortex system. Whesuch that the twin planes were parallel to the short edge
the shear yield stress is high enough, the vortices movef the crystal as shown in the inset of Fig. 1. The crystal
in elastic flow in which translational periodicity is main- dimensions are 1.07 (I) X 0.45 (w) X 0.02 () mm?.
tained throughout the moving lattice, thus preserving the

lattice structure globally. If the shear yield stress is too 00 '(a' ! =120
low, the lattice structure is maintained only locally, allow- ' ‘ ?100
ing neighboring sections of the lattice to move past eacl PN S [ SO,
other inplastic flow[15]. L D e ses9) g
Transport measurements are sensitive to each of thes—~. | o Jo(6=09) &
two types of motion and therefore are capable of probing ¢ o1l = l0=599 g0 g
the development of the shear modulus in the solid stateZ ™~ o M 13
The recent discovery of a peak effect in the critical cur- ~— | ‘ J40
rent density occurring just below the melting temperature o.01L# | 7|® ()
[16] and the report of a washboard frequency [17] asso- o Florentz +20
ciated with a moving lattice below,, in single crystal L H=6. J=33 Alem? |
YBa,Cu;O;-5 suggest that there is a transition between 0001 z=———————ap S T

81
elastic and plastic states of motion as the shear modulus i Tt
weakened prior to melting. FIG. 1. Resistivit d critical . . . .

; i ; : . 1. Resistivity and critical current vs temperature for
In this Lfetter we investigate the melting of the vortex " ™- 6Tfor 6 — 0° ( || ¢) andé — 5.9° near the tail of the
lattice as it moves inside channels created by parallgl,sition. Inset (a) shows the same fér= 4 T below T,,.
twin boundaries in a cleaved YB@;O;- ;5 single crystal. |nset (b) shows the orientation of the magnetic field, applied
Because the average velocity of the vortices in theurrent, and twin boundaries.
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The average spacing of the twin planegljs, = 1.5 um Figure 2 shows our main result, the angular dependence
and the median spacing ig,, = 1 um. There are of the resistivity as the magnetic field is tilted symmet-
approximately 65 twin boundaries between the two volt+ically away from thec axis towards thea-b plane at
age contacts. A measuring current perpendicular to th& = 6 T for a sequence of temperatures. The resistiv-
TB and an applied magnetic field along the crystallo-ity at & = 0° (H || ¢) shows a dramatic evolution from a
graphicc axis induce a Lorentz force on the vortices alongmaximum above the melting temperatufg = 81.50 K
the channel direction as shown in the inset to Fig. 1. a¢o a minimum belowr,,. This pronounced change in be-
resistivity was measured by the four probe method withhavior is a direct result of the appearance of a nonzero
current in thea-b plane of the crystal and perpendicular shear modulus &f,, and underlies the use of vortex flow
to the twin planes. Voltage-current characteristics werén channels to directly probe the vortex melting transition.
measured with a dc current and a nanovoltmeter. The highest temperature showh= 82.93 K, is above
Figure 1 is a logarithmic plot of thiils of the temper- the onset of twin boundary pinning and there is no feature
ature dependent resistive transitions in a magnetic field ah p(6) associated with vortex channel flow. At=
6 T oriented parallel to theaxis and tilted 5.9away from  82.40 K, well above the freezing transition, a maximum
the c axis. Also shown is the temperature dependence abccurs atd =0° (H || ¢), shown on an expanded scale
the critical current at each angle obtained with a\t/cm  in Fig. 3(a). This maximum af =0° is a new feature
criterion. We see a sharp drop in the resistivity for bothin the angular dependence pfwhich can be explained
orientations at7,, = 81.5 K, associated with the vortex by the hydrodynamics in the liquid state and the finite
freezing transition [5,6,19]. In earlier studies, such “kinks” width of the channel. The resistivity falls sharply as the
in the resistivity curves were observed only in clean un-angle from thec axis increases frofito =1.8°, then rises
twinned crystals. However, since in this experiment theagain to a broad maximum &, = *5°, after which it
driving Lorentz force isparallel to the twin planes, the decreases monotonically due to the intrinsic anisotropy of
flow of the vorticedbetweerthe twin planes is nearly unim- the superconducting effective mass.
peded by twin boundary pinning. F& =6 T, the vortex The behavior ofo(#) can be understood as a geomet-
spacing isao ~ 185 A. A single channel with a TB spac- rical feature related to the finite size of the channels. As
ing of 1 um thus accommodates about 50 vortices acrosthe field is tilted from thec axis, the number of vortices
its width. When the magnetic field is aligned with tbhe which intersect the twin boundaries grows, increasing the
axis, these vortices do not intersect either of the boundeffective thickness of the channel wall. The number of
ing twin planes and they are free to move under a Lorentmoving vortices which do not intersect a twin plane is re-
force parallel to the twin planes. A single twin boundaryduced, thus decreasing the effective channel width. This
has an effective width of 10-50 A [20], which is com-

parable to the vortex superconducting coherence lengtt 14 T TR 82.93K
&2 (T =80 K) ~ 44 A and provides an ideal single vortex [ s, ]

. . . ey . 12F h 82.40K
pin site. Thus the number of free vortices within the chan- I A { 81,00
nels is about an order of magnitude larger than the numbe 10 - R P
of pinned vortices residing on a twin boundary, and the s ety 7 81.54K
temperature dependence of the resistivity looks very simi- 8 m ~81.48K
lar to that of untwinned crystals reported earlier [6,19]. m 81.36K

Below T,, the resistivity p(6 =0°,T,6 T) exhibits a 67 1
sharp drop, reaching a minimum &, = 81.0 K. This o 1 81.00K
minimum is associated with a sharp maximum (“peak ef- £ af H=6T 1
fect”) in the critical current’.(6 = 0°,T,). Similar behav- g L o | e AemE
ior just below the melting temperature in dilutely twinned £ T e ¢
YBa,Cu;0;_5 crystals was explained by a crossover from 81.06K
plastic to elastic flow, and enhanced pinning arising from 0.6 i
the elastic softening of the vortex lattice [16,21]. The soft- I
ening of the lattice structure allows the vortices to adjust o4l
more favorably to a nearby twin boundary pinning site and | il
thus resistivity is decreased [22,23]. The peak effect be-
low the melting temperatur&,, is absent ap =5.9° in 0.2 Lunr 80K
our experiment, since pinning by the twin boundary sites [ 1 8047K
is reduced in the vortex solid state when the magnetic i ]
field is tilted off the twin planes [24]. At lower tempera- 010‘ — '5 — 0 — é —— '10

tures the two resistivity curves fér= 0° and 5.9 intersect
at T=79.6 K indicating that bulk pinning may overcome

twin boundary pinning at lower temperatures [see also ing|G. 2.  Angular dependence of the resistivityFat= 6 T for
set (a), Fig. 1]. 82.93 < T < 80.17 K.

Angle from c-axis (degrees)
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process continues with increasing angle untilpgt the  nel flow which occurs over a narrow temperature range
channel width is effectively zero and all vortices inter-of 60 mK. We attribute this change to the formation
sect at least one twin plane. An estimate of this anglef a vortex lattice and thenset of a nonzero vortex
is provided by#, =tan '(d,,/t) ~2.8°. In practice, the shear modulus.The nonzero shear modulus is associated
angle will be reduced due to thermal disorder and the elaswith the formation of lattice fragments which extends the
tic nature of the vortices. We believe this reduction of ef-effective pinning range of the twin boundaries, thereby
fective channel width explains our observation of the sharpmpeding the flow of vortices in the channels. There-
peak in the vortex liquid state resistivity centered at 0°.  fore the maximum pinning in the vortex solid state is ob-
For angles greater thafp, the vortices assume a step served when the vortices are aligned with the twin planes.
pattern, the geometry of which is determined by the tilt At T, [Fig. 3(b)], the angular dependence of the
modulus and the pinning energy [25,26]. The resistivityresistivity displays both the narrow peak of width,
increases gradually as the angle is increased until, at eharacteristic of vortekquid channel flow and the broad
large enough angl®,, the elastic tilt energy required valley of width 8, characteristic of vortelattice channel
to maintain the step pattern is too high and the vorticeflow. The simultaneous appearance of these features is
straighten, intersecting the twin boundaries at points. Theonsistent with the coexistence of liquid and solid phases
angle 8, where the step pattern disappears is marked bin a first order phase transition.
a maximum inp(#), as twin boundary pinning yields  Over a 0.5 K range below,,, the resistivityp (6 = 0°)
to intrinsic anisotropy as the dominant influence on thedrops precipitously, reaching a minimum7Zt= 81.06 K,
resistivity. Below we explain the disappearance of thebelow which the resistivity rises again slightly (Fig. 2,
stepped phase &, as a thermal depinning effect. lower panel). This temperature dependence is shown in
At lower temperatures, the relative height of the peakmore detail in Fig. 1 fo® =0°. At T, the shape of the
at # =0° is reduced with respect to the broad maximumangular-dependent resistivity is suddenly modified in two
at 4, until below the freezing-melting temperatufg =  respects: The minimum ne&r~ 0° becomes very broad
81.50 K, the peak completely disappears and is replaced bgnd the maximum a#, jumps from 5 to 8°. The rapid
a broad valley which extends in angle@pas illustrated in  drop in resistivity abové’, indicates that the motion of the
Fig. 2 [and on an expanded scale in Fig. 3(c)]. The tranvortex solid is severely impeded just below the freezing
sition from a maximum to a minimum & =0° indi- temperature. We associate this reduced velocity with an
cates a dramatic change in the dynamics of vortex charincrease in the dimensions of the flowing lattice fragments
as the solid state becomes established. T/t the size
of the lattice fragments exceeds the channel width, and

13

129 b TP reeman ] ‘ the plastic flowwhich characterizes the solid motion just
2 3 T % - below the melting transition is replaced Igjastic flow

“f ; ; This is evidenced by the clear maximum in the critical
127} . current/.(# = 0°) as the plastic flow process is replaced by
sl | ——0g —sl elastic flow. The maximum effective pinning is realized at

@ : 1/ // T,, when the “soft” shear modulus enhances the ability of
' 5 ' the vortex lattice to take advantage of the twin boundary

‘ i pinning sites and settle deeper into their pinning potential

wells. The sudden increase fy from 5° to 8° strongly

supports the interpretation of the peak effect as an effective

increase in the twin boundary pinning strength [23,25].

] The shear modulus increases belByvas temperature is

o8t 54K ] lowered and the lattice becomes more rigid. The enhanced
- pinning which was observed &}, because the lattice was
—~, “soft” is replaced by less effective pinning as the lattice
y//‘% becomes relatively more rigid, causing the resistivity to in-

’ ) crease. The angular dependence of the resistivity also de-
y creases dramatically at lower temperatures as shown by the
1 difference between thg = 81.06 andT = 80.92 K curves
, ook ] in Fig. 2. One reason may be the enhancement of bulk pin-
2l . . . ! ning at lower temperatures. At= 79.6 K, the resistivity

Angle from -axis (degrecs) curvesp(# =0°,T) andp (6 = 5.9°, T) intersect, suggest-
FIG. 3. Enlarged angular dependence of the resistivity at ing that bu!k pinning becomes more effective than twin
6 T for (a) T = 82.40 K (vortex liquid state), (b}’ = 81.54 K bonndgry pinning at lower temp(_eratnres. Recent magneto-
(vortex melting-freezing temperature), and (€)= 81.29 K optical imaging [27] and magnetization measurements [28]
(vortex solid state), with respective vortex-magnetic field—twinhave demonstrated that twin planes are easy paths for flux
boundary geometries. penetration.
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We can calculate the pinning energy of the twin planeghe channel walls, which changes suddenly to a valley at
from the observed accommodation angle if we take T, due to the appearance of a finite shear modulus in the
into account the thermal energies at these temperaturesolid. Below the freezing temperature, we demonstrate
We identify the experimental accommodation angjle~  new effects on the anisotropy of the magnetoresistivity
5° as the angle at which thermal fluctuations strongly supeaused by the premelting peak effect, and show that
press the trapping of the vortex line by twin boundariesthese effects are consistent with an increase in twin

This occurs whetkzT exceeds the pinning energ;, (0)
of the trapped vortex segment [see Fig. 3(c)].

boundary pinning due to a soft shear modulus in the
vortex solid. Finally, we show how thermal depinning

The energy of the deformed vortex may be expressed agdetermines the accommodation angle and deduce the

du

dz

K
+ _MZ] - Upltrs (l)

€1

2 2

2

E = ] dz|: ( )
where g, = [®3/(4mA.)*]In(ag/€) is the linear tension
of the individual vortex, the ternku?/2 represents the
“cage potential” [29] coming from the interaction with ot-
her vorticesk = ®B/4m A2, U, is the pinning potential
on the twin boundary/,; is the length of trapped seg-
ment, Eyin = — U1y, u(z) is the deformation of the line,

twin boundary pinning strength, finding good agreement
with previous estimates based on vortex decoration and
magnetro-optical measurements.
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and thez axis is chosen along the magnetic field. The
deformed regions of the vortex consist of three segments
[26] [see Fig. 3(c)]: the trapped piece with deformation

u(z) =ztan(@) at |z| <l cog#)/2, and two “healing”
regions with deformation u(z) = I, sin(f) exp(—|z —

ly c090)/2|/Iheat) @t |zl > Iy cog0)/2,  where
lheal =+ €1/K is the “healing length.” Substituting

these deformations into (1) and minimiziggwith respect
to /;;, we obtain
)2 (

with the mean-field accommodation anglg ~ /12U, /&,
[26,27] and the typical pinning energyE,i,o=
3Je1/KU,. The angled,(T) above which trapping by

0
ga()

0;0 n l) 2

Epin(e) = _EpiHO(l - 2

twin boundaries is destroyed by thermal fluctuations can b

estimated from the conditiorEy, (6,(T)) ~ kgT. If
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